Hydrosalpinx is a pathological hallmark of tubal infertility associated with chlamydial infection. However, the mechanisms of hydrosalpinx remain unknown. Here, we report that complement factor 5 (C5) contributes significantly to chlamydial induction of hydrosalpinx. Mice lacking C5 (C5 ؊/؊ ) failed to develop any hydrosalpinx, while ϳ42% of the corresponding wild-type mice (C5 ؉/؉ ) did so following intravaginal infection with Chlamydia muridarum. Surprisingly, deficiency in C3 (C3 ؊/؊ ), an upstream component of the complement system, did not affect mouse susceptibility to chlamydial induction of hydrosalpinx. Interestingly, C5 activation was induced by chlamydial infection in oviducts of C3 ؊/؊ mice, explaining why the C3 ؊/؊ mice remained susceptible to chlamydial induction of hydrosalpinx. Similar levels of live chlamydial organisms were recovered from oviduct tissues of both C5 ؊/؊ and C5 ؉/؉ mice, suggesting that C5 deficiency did not affect C. muridarum ascending infection. Furthermore, C5
T ubal factor infertility caused by sexually transmitted infection with Chlamydia trachomatis is often accompanied by upper genital tract (UGT) pathologies, such as hydrosalpinx (1) . The pathogenic mechanisms of C. trachomatis-induced hydrosalpinx in women remain unknown. Intravaginal inoculation with Chlamydia muridarum in mice can induce visible hydrosalpinges that closely mimic those induced by C. trachomatis in women, which has led to the extensive use of the murine model to study mechanisms of C. trachomatis pathogenesis and immunity (2) (3) (4) (5) (6) . For example, the animal model studies have led to the discovery of a CD4 ϩ T cell-dependent and gamma interferon (IFN-␥)-mediated immunity as a major protective mechanism for mice to control chlamydial infection (7) .
Many studies have been carried out to understand the mechanisms of C. muridarum induction of hydrosalpinx. The results are not always consistent. The conflicting data might be due to not only the method used to score hydrosalpinx (microscopic scoring for oviduct dilation versus naked eye or visual observation of swollen oviducts filled with clear fluids), but also the time following infection when hydrosalpinx is assessed (5 weeks versus 8 weeks postinfection). For example, a robust acute inflammatory response was correlated with the development of long-lasting hydrosalpinx observed with the naked eye 8 weeks after infection based on a comparison between C57BL/6J and C3H/HeN mice (8) . These long-lasting hydrosalpinges were further correlated with oviduct infection (9, 10) . Knockout mice have been used to map host determinants required for chlamydial induction of hydrosalpinx. Mice deficient in Toll-like receptor 2 (TLR2) failed to develop robust acute inflammatory responses and oviduct dilation when detected under microscopy 5 weeks after infection (11) . However, it is not clear whether the TLR2-mediated signaling pathway is sufficient for C. muridarum induction of long-lasting hydrosalpinx, since the TLR2-deficient mice did develop chronic inflammation in the oviduct similar to that in wild-type mice (11) . Furthermore, mice deficient in MyD88, a critical adaptor molecule of the TLR2-mediated signaling pathway, developed severe, long-lasting hydrosalpinx (12) , which further calls into question the role of the TLR2-mediated signaling pathway in chlamydial induction of hydrosalpinx. Indeed, it was recently shown that TLR2-deficient mice developed as severe hydrosalpinx as wildtype mice (13) . The same study also revealed that tumor necrosis factor receptor 1 (TNFR1) was critical for hydrosalpinx development following C. muridarum infection, which is consistent with an earlier observation showing an important role of tumor necrosis factor alpha (TNF-␣) in chlamydial induction of hydrosalpinx (14) . Many other host molecules have also been shown to contribute to chlamydial pathogenicity in the upper genital tract, including matrix metalloproteinases (15) , inducible nitric oxide synthase (16) , interleukin 1 (IL-1) receptor (17) , caspase 1 (18, 19) , IL-17 (20) , CD28 (21) , and CXCR2 (22) . However, none of these previous studies have sufficiently addressed whether the reduced pathology was due to reduced oviduct infection, reduced inflammatory responses in the oviduct, or both.
The complement system plays a central role in both host de-fense response against infection and inflammatory pathology (23) . Both microbial components, such as lipopolysaccharide (LPS), and host factors, such as C-reactive protein and immune complexes, can activate complement via one of the three major pathways-the alternative, mannan-binding-lectin, and classical pathways-all of which merge at the level of complement factor 3 (C3). On activation, C3 is cleaved into C3a and C3b. C3b can covalently bind to surfaces of pathogens to enhance phagocytosis. C3b also combines with C3 and C5 convertases to trigger the formation of the lytic membrane attack complex to attack pathogens. The cleavage products C5a and C3a can both promote inflammation and modulate immune responses by binding to C5a receptor (C5aR, or CD88) and C3a receptor (C3aR), respectively (for a review, see reference 24). Because of the important roles of C5a in inflammatory pathologies, various strategies targeting C5a are being developed to reduce pathogenic inflammation (25) (26) (27) (28) . It appears that targeting C5 rather than C3 to prevent tissue damage caused by complement-enhanced inflammation is a wise strategy. This is because the unwanted side effects of the blockade of C5a/ C5aR are much smaller than those of a general blockade, e.g., at the level of C3, and C5a can also be generated in the absence of C3 (29). The role of the complement system in chlamydial infection has also been investigated. Chlamydial elementary bodies (EBs) were found to be able to activate complement (30, 31) , and the complement activation seemed to reduce chlamydial infection in cell culture. Interestingly, the complement antichlamydial activity seemed to depend on the early complement components, such as C3, but not late components, including C5 (32) . Consistent with these earlier observations are the recent findings that mice deficient in C3 or C3aR, but not C5, displayed drastically increased susceptibility to airway infection with Chlamydia psittaci (33, 34) . However, the role of the complement system or C5a in chlamydial induction of hydrosalpinx remains unknown. In the current study, we evaluated the role of the complement system in chlamydial pathogenesis and found that C5, but not C3, contributes significantly to chlamydial induction of hydrosalpinx. C5 Ϫ/Ϫ mice failed to develop significant hydrosalpinx following C. muridarum infection. The decreased susceptibility of C5 Ϫ/Ϫ mice to C. muridarum induction of hydrosalpinx was correlated with reduced inflammation in oviducts but not alteration in chlamydial ascension to the oviduct.
MATERIALS AND METHODS
Chlamydial organisms and infection. The C. muridarum organisms (strain Nigg) used in the current study were propagated in HeLa cells (human cervical carcinoma epithelial cells; ATCC catalog number CCL2), purified, aliquoted, and stored as described previously (18, 35 ϩ/ϩ (C57BL/6J; stock number 000664) mice were all purchased at the age of 5 to 6 weeks from Jackson Laboratories (Bar Harbor, ME). It is important to note that there is a 2-base (TA) deletion at positions 62 and 63 of an 83-bp exon near the 5= end of the c5 gene in B10.D2/oSnJ mice. This deletion creates a stop codon starting four bases after the deletion. A truncated product of 216 amino acids is predicted, although a larger pro-C5 protein may be synthesized. Nevertheless, macrophages from mouse strains carrying this allele do not secrete C5. For infection experiments, each mouse was inoculated intravaginally with 2 ϫ 10 5 inclusion-forming units (IFU) of live C. muridarum organisms as described previously (16 2 were inoculated with C. muridarum organisms as described previously (18, 35) . The infected cultures were processed for immunofluorescence assay as described below.
Monitoring live C. muridarum organism recovery from swabs and genital tract tissues. To monitor live organism shedding, vaginal swabs were taken on different days after intravaginal infection. Each swab was suspended in 500 l of ice-cold sucrose-phosphate-glutamic acid (SPG), followed by vortexing with glass beads, and the released organisms were titrated on HeLa cell monolayers in duplicate, as described previously (12) . To monitor upper genital tract infection, the genital tract tissue was harvested sterilely from each mouse on different days after infection, as indicated for individual experiments. Each tissue was cut into 3 segments, including the vagina/cervix (lower genital tract [ LGT]), uterus/uterine horn (both sides from the same mouse were combined as a single segment), and oviducts/ovaries (both sides from the same mouse were pooled as a single tissue sample; both belong to the UGT). Each segment sample was homogenized in 500 l of SPG using a 2-ml mini-tissue grinder (Fisher Scientific, Pittsburgh, PA). After brief sonication, the released live organisms were titrated as described above. The total number of IFU per swab/tissue was calculated based on the number of IFU per field, the number of fields per coverslip, the dilution factors, and inoculation and total sample volumes. An average was taken of serially diluted duplicate samples for any given swab/tissue. The calculated total number of IFU/swab or tissue was converted into log 10 , and the log 10 IFU were used to calculate means and standard deviations for each group at each time point.
Evaluating mouse genital tract tissue pathology and histological scoring. Mice were sacrificed on day 60 after infection, and the mouse urogenital tract tissues were isolated. Before the tissues were removed from the mouse body, an in situ gross examination was performed for evidence of oviduct hydrosalpinx or any other related abnormalities of the oviducts. The severity of oviduct hydrosalpinx was scored based on the following criteria: no hydrosalpinx (0); hydrosalpinx detectable only after amplification (1); and hydrosalpinx clearly visible with the naked eye, but the size is smaller than (2), equal to (3), or larger than (4) that of the ovary on the same side. The oviducts from the left and right sides of the same mouse were scored separately, and the two scores were added together as the score for the mouse. The excised tissues, after photographing, were fixed in 10% neutral formalin, embedded in paraffin, and serially sectioned longitudinally (at 5 m/section). Efforts were made to include the cervix, both uterine horns, and oviducts, as well as lumenal structures of each tissue in each section. The sections were stained with hematoxylin and eosin (H&E) as described previously (8) . The H&E-stained sections were scored for severity of inflammation and pathologies based on modified schemes established previously (8, 12) . Scoring for dilation of the oviduct was as follows: 0, no significant dilation; 1, mild dilation of a single cross section; 2, one to three dilated cross sections; 3, more than three dilated cross sections; and 4, confluent pronounced dilation. Scoring for inflammatory cell infiltrates (at the chronic stage of infection, the infiltrates mainly contain mononuclear cells) was as follows: 0, no significant infiltration; 1, infiltration at a single focus; 2, infiltration at two to four foci; 3, infiltration at more than four foci; and 4, confluent infiltration. The oviducts from the left and right sides of the same mouse were scored separately, and the two scores were added together as the score for the mouse. Scores assigned to individual mice were calculated as means Ϯ standard errors for each group of animals.
Immunofluorescence assay. HeLa cells grown on coverslips with or without chlamydial infection were fixed and permeabilized for immuno-staining as described previously (36) (37) (38) . Hoechst stain (blue; Sigma) was used to visualize nuclear DNA. For titrating IFU from mouse vaginal swab and oviduct tissue homogenate samples, a mouse anti-chlamydial LPS antibody (clone number MB5H9) (unpublished observations) plus a goat anti-mouse IgG conjugated with Cy3 (red; Jackson ImmunoResearch Laboratories, Inc., West Grove, PA) were used to visualize chlamydial inclusions. All immunofluorescence-labeled samples were observed under an Olympus AX-70 fluorescence microscope equipped with multiple filter sets (Olympus, Melville, NY).
Multiplex array for profiling cytokines in oviduct tissue and enzyme-linked immunosorbent assay (ELISA) for detecting C5a. Oviduct and ovary tissues were harvested from C5 ϩ/ϩ and C5 Ϫ/Ϫ mice, respectively (n ϭ 5 for each group) on day 10 after intrauterine inoculation with C. muridarum to make homogenates, as described previously (10, 12) . The homogenates were used for simultaneous measurements of 32 mouse cytokines (23-plex group I [catalog number M60-009RDPD] plus 9-plex group II [MD0-00000EL]) using a multiplex bead array assay (Bio-Plex 200 System; all from Bio-Rad, Hercules, CA) by following the manufacturer's instructions. All cytokines were expressed in pg/ml as means and standard deviations. The means from the two mouse strains were used to calculate ratios and for statistical analysis (Student t test).
To detect C5a in oviduct tissues and sera of mice, oviduct tissues and blood were collected 14 days after infection from C3 ϩ/ϩ and C3 Ϫ/Ϫ mice, respectively (n ϭ 10 for each group). These samples were serially diluted for standard sandwich ELISA detection as described previously (39) (40) (41) . The capture antibody that specifically recognizes mouse C5a/C5a desArg (see below) while it does not cross-react with C5 (rat IgG1; clone number 152-1486; catalog number 558027; BD Pharmingen, San Jose, CA) was used to coat the ELISA plates. C5a from mouse samples or standard C5a (catalog number 2150-C5-025/CF; R&D Systems, Minneapolis, MN) captured on the plates was detected with a C5a-specific detection antibody conjugated with biotin (rat IgG2a; clone number 152-278; catalog number 558028; BD Pharmingen). The immobilized biotin was quantitated using horseradish peroxidase-conjugated goat anti-biotin (catalog number SP-3010; Vector Laboratories, Burlingame, CA) and a TMB substrate reagent set (catalog number 555214; BD Biosciences, San Jose, CA). The absorbance at 450 nm was used to calculate C5a concentrations (ng per tissue or ml of serum).
Statistical analyses. A Kruskal-Wallis test was used to analyze the differences in numbers of IFU recovered from mouse swabs and tissue homogenate samples. The pathology score data were analyzed with a Wilcoxon rank sum test. Fisher's exact test was used to analyze category data, including the percentage of mice with oviduct hydrosalpinx. The cytokine concentrations were analyzed using a two-tailed Student t test.
RESULTS
Mice deficient in C5 fail to develop hydrosalpinx following intravaginal infection with C. muridarum. To probe the role of C5 in chlamydial pathogenesis, we compared the susceptibilities of C5 Ϫ/Ϫ (n ϭ 23) and C5 ϩ/ϩ (n ϭ 24) mice to C. muridarum induction of hydrosalpinx (Fig. 1) . We found that following intravaginal infection with C. muridarum, C5
Ϫ/Ϫ mice failed to develop any significant hydrosalpinx, while ϳ42% of C5 ϩ/ϩ mice developed significant hydrosalpinx (P Ͻ 0.01; Fisher's exact test). The C5 ϩ/ϩ mice achieved a median hydrosalpinx score of greater than 1 (P Ͻ 0.05; Wilcoxon rank sum test). These differences in gross pathology between C5 Ϫ/Ϫ and C5 ϩ/ϩ mice were further validated under a microscope, which revealed a highly significant reduction in both oviduct lumenal dilation and inflammatory infiltration (P Ͻ 0.01 for both; Wilcoxon rank sum test) in C5 Ϫ/Ϫ mice. Since the data were from a large number of mice in each group and the experiments were carried out independently 3 or 4 times, we are confident that the results are reproducible. Nevertheless, when these two groups of mice were monitored for live organism shedding from the lower genital tract during the infection course prior to sacrifice, there was no difference in either the level or length of live organism shedding or the number of mice positive for shedding between the two groups, suggesting that C5 deficiency increased the mouse resistance to C. muridarum induction of hydrosalpinx in the upper genital tract without affecting C. muridarum infection in the lower genital tract. The latter is consistent with a previous report that no difference in susceptibility to C. muridarum infection was found between mice with or without complement deficiency (42) .
Induction of hydrosalpinx in mice deficient in C3 by C. muridarum infection. Since C3 is an upstream component of C5 in the complement activation cascade, we further evaluated the effect of C3 deficiency on mouse susceptibility to C. muridarum induction of hydrosalpinx (Fig. 2) . To our surprise, we found that both C3 Ϫ/Ϫ and C3 ϩ/ϩ mice developed significant hydrosalpinx, with hydrosalpinx incidence rates of ϳ88% and median severity scores of Ͼ3 (P Ͼ 0.05 for both). In terms of lower genital tract infection, there was no difference in either the level or length of live organism shedding or the number of mice positive for shedding between the two groups. These observations demonstrated that C3 did not contribute to mouse susceptibility to either upper genital tract pathology or lower genital tract infection with C. muridarum.
Activation of C5 in the upper genital tract of mice deficient in C3 following C. muridarum infection. Since C. muridarum induced hydrosalpinx in C3-deficient mice, we tested whether C. muridarum infection can activate C5 in C3-deficient mice. C5a is a C5 activation product, and antibodies specifically recognizing C5a neoepitopes are available. We used a C5a-specific antibodybased ELISA to monitor C5a in oviduct tissues and blood of mice 14 days after C. muridarum infection. Both C3 ϩ/ϩ and C3
Ϫ/Ϫ mice produced significantly higher levels of C5a in oviducts but not blood after C. muridarum infection (Fig. 3) . The level of C5a in the blood of both C3 ϩ/ϩ and C3 Ϫ/Ϫ mice was Ͻ4 ng/ml regardless of C. muridarum infection. The C5a level in oviducts was increased from ϳ2 ng to 8 ng (per tissue) by C. muridarum infection regardless of C3 deficiency. These observations demonstrated that lower genital tract infection with C. muridarum led to the activation of C5 in the upper genital tract. However, the systemic level of C5 activation is limited.
Chlamydial ascending infection is not altered in C5 ؊/؊ mice. To understand how C5 activation contributes to hydrosalpinx, we compared C. muridarum ascending infection between C5 Ϫ/Ϫ and C5 ϩ/ϩ mice by monitoring live organism recovery from different segments of genital tracts on days 7, 10, and 14 following intravaginal infection with C. muridarum (Fig. 4 ). There were no significant differences in the numbers of live organisms recovered from different segments of the genital tract, including the oviduct, between C5
ϩ/ϩ and C5 Ϫ/Ϫ mice. This experiment indicated that C5 did not affect C. muridarum ascending infection. It has been known that direct delivery of live C. muridarum organisms into the upper genital tract via an intrauterine inoculation, which circumvents the requirement for ascending infection, can enhance chlamydial pathogenicity in the upper genital tract (10). We then tested whether intrauterine inoculation of C. muridarum can induce hydrosalpinx in C5 Ϫ/Ϫ mice (Fig. 5) . We found that only a minimal level of hydrosalpinx was induced in C5 Ϫ/Ϫ mice, with an ϳ27% incidence rate and a median severity score of Ͻ1, while the C5 ϩ/ϩ control mice developed significant hydrosalpinx, with an incidence of ϳ71% and a severity score of ϳ3 (P Ͻ 0.05 for both).
Clearly, the C5
Ϫ/Ϫ mice were still more resistant to hydrosalpinx induction, even following intrauterine inoculation, both confirming the role of C5 in enhancing mouse susceptibility to hydrosalpinx induction and validating that C5-facilitated hydrosalpinx was probably not due to the enhancement of ascending infection.
Reduced inflammation in the oviducts of C5 ؊/؊ mice after C. muridarum infection. We first used microscopy to compare inflammatory responses in the oviducts between C5 ϩ/ϩ and C5
Ϫ/Ϫ mice on days 10, 35, and 60 following intrauterine infection with C. muridarum (Fig. 6 ). Both oviduct lumenal dilation and inflammatory infiltration were semiquantitated based on criteria established previously (9, 10, 13) . We found that C5 Ϫ/Ϫ mice displayed significantly reduced lumenal dilation on days 35 and 60. On day 10 after infection, there was no lumenal dilation in either C5 Ϫ/Ϫ or C5 ϩ/ϩ mice. However, the oviduct lumen was full of inflammatory infiltrates in C5 ϩ/ϩ mice, while the lumenal infiltration was significantly less intensive in C5 Ϫ/Ϫ mice (P Ͻ 0.05). C5 Ϫ/Ϫ mice also developed less inflammatory infiltration in oviduct tissue on days 35 and 60 postinfection (P Ͻ 001). We then compared the cytokine profiles in oviduct tissues between C5 ϩ/ϩ and C5 Ϫ/Ϫ mice using a multiplex bead array assay (Table 1) . We found that levels of 16 of the 32 cytokines were significantly higher in oviducts of C5 ϩ/ϩ than those of C5 Ϫ/Ϫ mice, 6 of which displayed more than 3-fold difference, including IL-1␣, IL-1␤, IL-2, KC, MIP-1␣, and IL-15.
DISCUSSION
In the current study, we used the C. muridarum genital tract infection model to investigate the mechanism of hydrosalpinx by probing the role of the complement system in chlamydial pathogenesis. We found that C5 plays a critical role in C. muridarum induction of hydrosalpinx. First, following intravaginal infection H2d H2-T18c/oSnJ; n ϭ 23) deficiency in complement factor C5 were infected intravaginally with C. muridarum. Sixty days after infection, mouse genital tracts were harvested for visually identifying (arrow) and scoring (white numbers) hydrosalpinges. Mice with hydrosalpinx on either side of the oviducts were defined as positive for hydrosalpinx. Hydrosalpinx severity was scored for each oviduct independently, and the scores from both oviducts of the same mouse were added together as the score for that mouse. The hydrosalpinx incidence rate and severity score for each group are listed under the corresponding images. ‫,ء‬ P Ͻ 0.05; ‫,ءء‬ P Ͻ 0.01 (Fisher's exact test for comparing incidence rates and Wilcoxon rank sum test for severity scores). Note that C5 Ϫ/Ϫ mice failed to develop any significant hydrosalpinx while ϳ42% of C5 ϩ/ϩ mice developed hydrosalpinx with a severity score of Ͼ1. (B) The same genital tract tissues after scoring for gross pathology were subjected to microscopic examination. Representative images taken under 10ϫ (left, a and b) or 100ϫ (right, a1, a2, b1, and b2) objective lenses are shown. (C) Sections were semiquantitatively scored for both oviduct lumenal dilation (Dila.; squares) and inflammatory infiltration (Infla.; triangles), as described in Materials and Methods. ‫,ءء‬ P Ͻ 0.01 (Wilcoxon rank sum test for comparing both lumenal dilation and inflammatory scores). Note that C5 ϩ/ϩ mice developed significantly more severe lumenal dilation and inflammatory infiltration than C5 Ϫ/Ϫ mice. (D) Mice were also monitored for live organism shedding from the lower genital tract during the infection course prior to sacrifice. The numbers of live organisms recovered from the swabs (a) and of mice remaining positive for shedding live organisms (b) from the C5 ϩ/ϩ and C5 Ϫ/Ϫ groups are plotted along the y axis and against the infection time course (x axis). Note that there was no difference in either the levels or durations of live organism shedding or the numbers of mice positive for shedding between C5 ϩ/ϩ and C5 Ϫ/Ϫ mice. The error bars indicate standard deviations.
with C. muridarum, 10 of the 24 C5 ϩ/ϩ B10.D2/nSnJ mice developed significant hydrosalpinx. The overall median severity score of the 24 mice was 1.33. However, none of the 23 C5 Ϫ/Ϫ B10.D2/ oSnJ mice developed any hydrosalpinx when examined by either the naked eye or microscopy. This observation demonstrated that C5 Ϫ/Ϫ mice are highly resistant to C. muridarum induction of hydrosalpinx. The data obtained from the large numbers of mice came from 3 or 4 independent experiments. We are confident that these results are reproducible. Second, when live C. muridarum organisms were directly inoculated into the upper genital tract via intrauterine infection, the C5 Ϫ/Ϫ mice still displayed significant resistance to hydrosalpinx induction. Ten of the 14 C5 ϩ/ϩ mice developed significant hydrosalpinx, with an overall median severity score of 2.93. However, only 4 of the 15 C5 Ϫ/Ϫ mice developed hydrosalpinx, with a median severity score of 0.8. The data came from 2 independent experiments and support the result obtained with intravaginal infection. Intrauterine infection has been known to enhance C. muridarum pathogenicity in the upper genital tract (10) , which led to the increase in pathology in both C5 ϩ/ϩ and C5 Ϫ/Ϫ mice. However, the C5 Ϫ/Ϫ mice maintained significant resistance compared to the C5 ϩ/ϩ mice. Third, both C3 ϩ/ϩ and C3 Ϫ/Ϫ mice were induced to develop equally severe hydrosalpinx, demonstrating the specificity of the resistance phenotype ob- 
FIG 3 Detection of C5a in oviduct tissues and sera of C3
Ϫ/Ϫ mice following C. muridarum infection. Mice without (C3 ϩ/ϩ ; n ϭ 10) or with (C3 Ϫ/Ϫ ; n ϭ 10) deficiency in complement factor C3 were infected intravaginally with (infection) or without (noninfection) C. muridarum. 14 days after infection, mouse oviduct tissues were collected for measuring C5a using an ELISA. Note that both C3 ϩ/ϩ and C3 Ϫ/Ϫ mice produced higher levels of C5a in oviducts after C. muridarum infection. The error bars indicate standard deviations. mice developed similar levels of oviduct infection, the C5 Ϫ/Ϫ mice displayed significantly reduced cytokines in the oviduct tissues. Since C5 is activated by chlamydial infection in the oviduct, the reduced inflammatory cytokines in the oviducts of C5 Ϫ/Ϫ mice suggest that the chlamydia-activated C5a in C5 ϩ/ϩ mice must play a significant role in promoting the development of hydrosalpinx. Altogether, we have presented convincing experimental data supporting a significant role of C5 in chlamydial pathogenicity in the upper genital tract.
Despite the significant resistance to hydrosalpinx induction in C5 Ϫ/Ϫ mice, the C3 Ϫ/Ϫ and C3 ϩ/ϩ mice displayed similar levels of susceptibility to hydrosalpinx induction. This finding was somewhat surprising to us at first, since C3 is an essential upstream component for C5 activation in all three major complement activation pathways. Interestingly, we detected significant levels of C5a in the oviducts of C3 Ϫ/Ϫ mice infected with C. muridarum, suggesting that C. muridarum infection can activate C5 in the absence of C3, which is consistent with previous reports that C5 can be directly activated in C3 Ϫ/Ϫ mice via "intercommunication of the complement system with the coagulation system," including thrombin and human coagulation factors (F) XIa, Xa, and IXa, as serine proteases, which can effectively cleave (C3 and) C5 (29, 43). C3-independent activation of C5 is said to occur only under unusual circumstances, such as severe tissue damage (and might involve cross talk with additional systems and proteases participating in inflammation and damage besides those of the coagulation cascade). Active infection of oviduct epithelial cells can lead to destruction of the oviduct epithelium and may represent an overwhelming danger signal, at least in the oviduct, leading to local C3-independent bypass activation of C5 in the oviduct tissues. We also found no elevated C5a levels in serum due to C. muridarum infection. These observations are consistent with the concept that genital tract infection with chlamydia may represent a significant danger signal to the productive function but by no means a danger to the livelihood of the host. Thus, the C3-independent bypass activation of C5 was only restricted to the genital tract. The next question is how C. muridarum infection activates C5. Chlamydial EBs were shown to activate complement mainly via the alternative pathway (30, 31) . It is not known whether EBs can activate C5 directly or via the coagulation-dependent pathway. Testing of these hypotheses is under way.
The inflammatory role of C5 can be exerted via both C5b and C5a (44) . Cell lysis and/or tissue damage caused by C5b-9 membrane attack complexes may amplify inflammatory responses by releasing powerful danger signal ligands that are normally sequestered. In addition, even sublytic C5b-9 complex deposition can enhance inflammatory cytokine production, contributing to the development of nephritis (45) . The C5b-9 complexes can activate many different inflammatory pathways and have been known to play significant roles in various kidney pathologies (46) . The role of C5a in inflammatory pathologies has been even more extensively illustrated. Because of the important roles of C5a in inflammatory pathologies, strategies targeting C5a are being developed for reducing pathogenic inflammation (25) (26) (27) (28) . C5a can bind to both C5aR (also called CD88) and C5aR-like 2 (C5L2). Both receptors bind C5a (and its less active derivate C5a desArg ) and act in concert to balance immunometabolism in adipose tissue (47) and in other contexts. However, only C5aR, and not C5L2, is coupled to G proteins and is usually regarded as the major receptor for C5a to exert the proinflammatory property (24) . As a result, efforts at targeting C5aR to attenuate inflammatory damage have been most successful (48, 49) . We have presented convincing evidence that C5 plays a critical role in chlamydial induction of hydrosalpinx. We also found that C5 Ϫ/Ϫ mice displayed significantly reduced levels of cytokines in the oviduct, suggesting that the role of C5 in chlamydial pathogenesis may depend on its proinflammatory property. We recently showed that A/J mice that are deficient in 
muridarum. (A) Mice without (C5
ϩ/ϩ ; n ϭ 14) (a) or with (C5 Ϫ/Ϫ ; n ϭ 15) (b) deficiency in complement factor 5 were infected intrauterinally with C. muridarum. Sixty days after infection, mouse genital tracts were harvested for visually identifying (arrow) and scoring (white numbers) hydrosalpinges, as described in Materials and Methods, and analyzed as described in the legend to Fig. 1 . ‫,ء‬ P Ͻ 0.05 (Fisher's exact test for comparing incidence rates and Wilcoxon rank sum test for severity scores). Note that C5
Ϫ/Ϫ mice developed significantly less hydrosalpinx in terms of both the incidence rate and the severity score. (B) Mice were also monitored for live organism shedding from the lower genital tract during the infection course prior to sacrifice. The numbers of live organisms recovered from swabs (a) and of mice remaining positive for shedding live organisms (b) from the C5 ϩ/ϩ and C5 Ϫ/Ϫ groups are plotted along the y axis. The error bars indicate standard deviations.
C5 failed to develop significant hydrosalpinx following C. muridarum infection (50) . The lack of hydrosalpinx further correlated well with reduced oviduct inflammatory responses (51) . These previous observations, together with the finding made in the current study, are consistent with the roles of the complement system in chronic inflammation, such as hepatitis B-induced liver fibrosis (52) , and in the pathogenesis of cerebral and placental malaria (53) . The next step is to further uncover the pathways C5 uses to exert its proinflammatory property in the oviduct after chlamydial infection, including further confirming the critical role of C5a in C5aR Ϫ/Ϫ mice, identifying the cells that respond to C5a in the presence of chlamydial infection, and mapping the signaling pathways involved in exacerbating inflammatory pathology. Moreover, the immunomodulatory functions of C5a might also participate in the observed chronic inflammatory responses. Besides the classical functions, such as chemotaxis and promotion of neutrophil granular release in acute inflammation, immunomodulatory functions of C3a and C5a have also been recognized, especially during chronic inflammation (54, 55) . C5a augments antigen presentation by dendritic cells (DCs) and prolongs T cell survival and thus can improve adaptive responses. In addition, C5a influences the development of regulatory T cells (24, 56) . In the case of an intracellular infection, dysregulated and even improved T cell responses could be deleterious. We found that levels of 16 cytokines were significantly higher in the oviducts of C5 ϩ/ϩ mice, 6 of which (IL-1␣, IL-1␤, IL-2, KC, MIP-1␣, and IL-15) displayed Ͼ3-fold difference. These cytokines can serve as the starting points for tracking the signaling pathways and identifying chlamydial ligands involved in C5-mediated hydrosalpinx development.
Clearly, just like the processes of many other pathologies, hydrosalpinx development induced by C. muridarum is multifactorial, despite the fact that we have demonstrated that C5 activation is a significant contributor to chlamydial induction of hydrosalpinx in both B10.D2 and B6 mice. The multifactorial hypothesis is not only supported by the cytokine data discussed above, but also reflected in the varied incidence rates of hydrosalpinx in the different strains of mice. For example, B10.D2 mice displayed a hydrosalpinx incidence rate of ϳ42%, while B6 mice had a rate of ϳ88%. However, after intrauterine infection (in which the C. muridarum organisms were directly delivered into uterine epithelia), the hydrosalpinx incidence dramatically increased to ϳ71% in the B10.D2 mice, suggesting that prevention of ascending infection into the uterine epithelia contributes significantly to the low incidence rate of hydrosalpinx induced by intravaginal infection in this strain of mice. Also significantly, via intrauterine infection, B10.D2 mice deficient in C5 developed hydrosalpinx with an incidence rate of ϳ27%, suggesting that C5 may represent just one of many host factors involved in chlamydial induction of hydrosalpinx. On the other hand, the significantly reduced rate of hydrosalpinx in the absence of C5 (27% versus 71%), even following an intrauterine infection, suggests that C5 is a dominant contributor to hydrosalpinx development in this model.
Although we have convincingly demonstrated a significant role of C5 in C. muridarum induction of hydrosalpinx using the murine genital tract infection model, there is no direct evidence for a role of C5 in C. trachomatis induction of hydrosalpinx in women. Given the roles of C5 in chronic inflammation, such as hepatitis B-induced liver fibrosis (52) , and in the pathogenesis of cerebral and placental malaria (53), we propose that the complement system also plays a significant role in C. trachomatis induction of hydrosalpinx in women. This hypothesis is consistent with the finding of significant association of the TRAF1/C5 A allele with rheumatoid arthritis (57) . Nevertheless, we should be cautious in interpreting the data from the C. muridarum murine genital tract infection model, because it has been recently shown that genital tract infection with C. trachomatis in mice can be controlled by innate immunity alone, while adaptive immunity is required to control C. muridarum genital tract infection (58), highlighting the difference in invasiveness between C. trachomatis and C. muridarum. (n ϭ 5) and C5 Ϫ/Ϫ (n ϭ 5) mice on day 10 after intrauterine inoculation for simultaneous measurement of 32 cytokines using a multiplex bead array assay. b All cytokines are expressed as means Ϯ standard deviations. The means from the two mouse strains were used for calculating ratios and for Student t test analyses. Note that levels16 of the 32 cytokines were significantly higher in oviducts of C5 ϩ/ϩ than those of
